The binding properties of 1b, 2b and 3b towards lanthanide cations were assessed by stability constant measurements in methanol and also by extraction, proton NMR and microcalorimetric studies. The binding properties of 1b, 2b and 3b towards lanthanide cations were assessed by stability constant measurements in methanol and also by extraction, proton NMR and microcalorimetric studies. The binding properties of two homooxacalixarene diethylamides (1b and 2b) derived from ptert-butyldihomooxacalix [4] arene and p-tert-butylhexahomotrioxacalix [3] arene respectively, in the cone conformation, for lanthanide cations were investigated. These properties were assessed by extraction studies of the metal picrates from water into dichloromethane and stability constant measurements in methanol, using spectrophotometric and potentiometric techniques. Microcalorimetric studies of La 3+ , Pr 3+ , Eu 3+ and Gd 3+ complexes in the same solvent were also performed. Proton NMR titrations with the representative lanthanides La 3+ , Eu 3+ and Yb 3+ were also carried out to establish the sites of interaction of the ligands with the cations. The analogous derivative (3b) of p-tert-butylcalix [4] arene was also studied and the results of the three compounds are compared. Diethylamide 1b is the strongest binder, showing some preference for the light lanthanides in extraction, but exhibiting practically no selectivity in complexation. 1b displays the highest stability constant values ever found with this ligand (log β = 8.6 -9.2). In contrast, 2b shows lower extraction and stability constant values, but it is a more selective ligand, showing a clearer preference for the light lanthanides.
Diethylamide 3b exhibits a similar behaviour to that of its analogous 1b. Proton NMR titrations confirm the formation of 1:1 complexes between the amides and the cations studied, also indicating that they should be located inside the cavity defined by the phenoxy and the carbonyl oxygen atoms.
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Lanthanide cation binding; Proton NMR titration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 More than 30 years after the beginning of modern calixarene chemistry, calixarenes (1) (2) (3) continue attracting much attention as ion receptors and carriers in host-guest chemistry. The parent compounds are readily available and can be further functionalised on the upper and lower rims to give a large variety of derivatives.
In particular, the ability of carbonyl containing substituents on the lower rim of calixarenes to bind metal ions, predominantly alkali and alkaline earth (4), but also transition and heavy metal cations (5) , has been largely studied. Besides these mono and divalent cations, research work with trivalent cations, namely lanthanides (6, 7), has also been increasingly reported. The growing interest in these elements is mainly due to their use in materials for catalysis, optics, electronics, in luminescent probes, in biology and in medicine as contrast agents for magnetic resonance imaging. The study of the interactions between calixarenes and lanthanides is also motivated by the treatment of radioactive wastes, which requires the extraction of lanthanides and actinides from acidic effluents, followed by their separation before the disposal or the transmutation of the actinides into short-lived radionuclides.
Lanthanide ions, being hard Lewis acids (8) , show strong affinity towards hard oxygen donor atoms. Thus, it is expected that calixarenes containing such donor atoms are potential receptors for those cations. Phosphorylated calix[4]arenes, bearing carbamoylmethylphosphine oxides (CMPO) (6a, b, 9, 10) moieties on the upper and lower rims or phosphine oxide (11, 12) , as well as calix[4]arene derivatives with lower rim carbonyl containing substituents, such as esters (13) , carboxylic acids (13) (14) (15) and amides (16) (17) (18) , have been used as extracting agents for lanthanide ions. Also the larger and more flexible calix[6]- (18, 19) and calix [8] arenes (18) (19) (20) have been investigated, since lanthanide cations require high 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Results and discussion

Extraction studies
The ionophoric properties of diethylamides 1b, 2b and 3b, all in the cone conformation, towards lanthanide cations were first evaluated by the standard picrate method (27). The results, expressed as percentages of cation extracted (% E), are collected in Table 1 .
The data reveal that amide 1b displays very high extraction levels for all the cations (% E ranges from 41 to 76). These values are significantly higher (more than double) than those obtained for amide 2b (% E ranges from 13 to 34), the maximum difference being observed in the cases of Er 3+ and Dy 3+ cations. This behaviour was expected as lanthanides require high coordination numbers (8 or 9) and 2b possesses only three amide groups, and consequently only six donating sites can surround the cations, compared to the eight sites of tetraamide 1b. However, 2b is a more selective extractant agent than 1b (for example, showing a stronger affinity for the larger cations (21, 22) . This extraction trend is, however, the opposite of that found by us for the corresponding ketone derivatives (23). In the case of amide 3b, the extraction profile is slightly different. This derivative does not display any peak of selectivity either, but shows preference for the middle lanthanides, as Eu 3+ , Sm 3+ and Dy 3+ .
Complexation studies
The complexation of some representative lanthanide cations (La 3+ , Pr 3+ , Eu 3+ , Gd 3+ and Yb 3+ ) was followed by UV absorption spectrophotometry and/or competitive potentiometry for ligands 1b, 2b and 3b in methanol. The logarithms of the stability constants β of the 1:1 complexes formed are given in Table 2 . For all these cations except Yb 3+ , the complexation thermodynamic parameters were determined by microcalorimetry with ligands 1b and 2b in the same solvent. These data are collected in Table 3 .
The first results were obtained with the lanthanide chlorides by spectrophotometry in the presence of tetraethylammonium chloride as the supporting electrolyte. Very significant spectral changes were observed in the spectrum of 1b during its titration against the metal salts, until the metal to ligand concentration ratio reaches 1, indicating the formation of very stable 1:1 complexes ( Figure 2 ). With the hexahomotrioxacalix [3] arene 2b, much weaker spectral variations could be noticed. In contrast to 1b, for which only a lower limit could be estimated (log β ≥ 7), the interpretation of the experimental data for 2b led to reliable stability constants for the 1:1 complexes ( Table 2) .
As the stability constants obtained with 1b and metal chlorides were too high, and at the limits of the experimental method, it was decided to follow the complexation of lanthanide nitrates in the presence of Et 4 NNO 3 as the supporting electrolyte. Previous studies on phosphorylated calixarene derivatives showed an important decrease of the stability 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 constants in such a more co-ordinating medium (10) . Although much lower values were found with 2b (for instance the stability of the lanthanum complex drops from 5.5 to 2.2 log units on changing the counterion from chloride to nitrate), the stability constants remained, however, very high for the complexes of derivative 1b, with values ranging between 6.2 and 5.5 log units.
In order to better assess the high stability constants of the complexes with 1b, potentiometric experiments based on a competition with the Ag + cation were then performed with lanthanide trifluoromethanesulfonates (triflates) in the presence of Et 4 NClO 4 as the supporting electrolyte. The stability constant of the 1:1 Ag + complex has been re-evaluated and the result (log β = 7.16) found is in excellent agreement with the value published earlier (21). For comparison the stability constants of the 1:1 complexes with p-tertbutylcalix[4]arene tetra(diethyl)amide 3b were also determined for Ag + and for the selection of lanthanides studied. The values for Ag + (log β = 7.56) and for Pr 3+ , Eu 3+ and Yb 3+ complexes ( Table 2) are consistent with those published earlier (28, 4a).
In order to get a better insight into the origin of the stability of these complexes, the complexation of La 3+ , Pr 3+ , Eu 3+ and Gd 3+ triflates and of La 3+ nitrate was followed by microcalorimetric experiments, which allowed the determination of the complexation thermodynamic parameters. Yb 3+ triflate was not soluble enough to obtain significant heat effects during the titrations of the ligands with this cation. Therefore, no data could be derived in this case. With 1b, the thermograms were simple, showing exothermic heat signals until a 1:1 stoichiometry was reached, as illustrated in the case of Gd 3+ (Figure 3 ). They are consistent with the formation of very stable 1:1 complexes, in agreement with the spectrophotometric and potentiometric results. The enthalpies of complexation, ∆H, determined from the slopes of the cumulative heat effects versus the number of moles of reactant added, and the corresponding entropies of complexation, ∆S, calculated from the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Gibbs energy derived from the stability constants obtained from potentiometry are listed in Table 3 . With 2b, the thermograms are quite different showing endothermic effects, as for example for Gd 3+ (Figure 4 ). In this case, both the logarithm of the stability constants and the enthalpy of complexation could be refined simultaneously ( Table 3 ). The stability constants were found to be slightly higher than those determined by spectrophotometry with chloride counterions. With 3b and all the lanthanides studied, the thermograms were more complex:
they started with exothermic signals, becoming endothermic from a metal to ligand concentration ratio of 0.7 and exothermic again, corresponding to the dilution effect, after the 1:1 stoichiometry. They are certainly consistent with several complexation processes, including the formation of a 1:1 complex as with the other ligands studied. They may also show, at some extent, micro-precipitation, which could be the reason why they could not be interpreted.
The main conclusions are the following: the complexation process was also entropically controlled (31).
Changing the counter ion from triflate to nitrate has also an influence on ∆H and T∆S, as seen for the complexation of lanthanum with 1b and 2b, which is characterized by slightly more favourable or less unfavourable enthalpic terms and to less positive entropic contributions. These results are consistent with the nitrate anions still interacting with the cation in the complexes.
Proton NMR studies
To obtain further information on the cation binding behaviour of diethylamides 1b, 2b and 3b, specifically concerning the binding sites, proton NMR titrations were performed in ratios lower than one, both signals of the complexed and uncomplexed ligands are present in the spectra, indicating that on the NMR time scale the exchange rate between the two species is slow at room temperature. This behaviour reflects the high affinity of these ligands towards 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shows a plateau rather than a maximum between 0.5 and 0.6 mole fraction of 1b, the same situation found by us before with two ketone derivative analogues and Ca 2+ and Sr 2+ cations.
In contrast, titrations of diethylamides 1b, 2b and 3b with Eu 3+ and mainly Yb 3+ produce broad and distorted proton signals, which are shifted toward high and low fields. This behaviour is more evident for derivatives 1b and 3b, and the shifts observed cover a range greater than 20 ppm. This is consistent with the knowledge that the binding of paramagnetic metal ions, such as Eu 3+ and Yb 3+ , causes enhanced shift and relaxation effects on the resonances of the nuclei of the ligands (6c). The results indicate that complexation occurs between the ligands and these cations, and are in agreement with those obtained by spectrophotometry / potentiometry in the present study.
Proton NMR data of the free and complexed ligands are collected in Table 4 . The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Gutsche's criterion is also applicable to the CH 2 OCH 2 bridges, it indicates that ligand 2b is much more flattened (∆δ = 0.32 ppm) than 1b and 3b, and stands up when the cation enters into the ionophoric cavity (∆δ = 0.74 ppm). 13 The deshielding effect observed for the aromatic protons indicates the involvement of the phenolic oxygens in complexation, as reported previously (36) The largest shift changes shown by the protons adjacent to the oxygen donor atoms can be explained in terms of variations of both shielding and deshielding effects of the aromatic rings and carbonyl groups upon cation binding to those donor atoms. Therefore, this suggests that the cation must be inside the cavity defined by the phenoxy and carbonyl oxygen atoms and bound through metal-oxygen interactions.
Conclusions
Extraction studies from an aqueous solution into CH 2 Cl 2 and stability constant measurements in methanol have shown that diethylamide 1b is a very strong binder for lanthanides, showing high extraction percentages and the highest stability constant values ever found with this ligand (log β = 8.6 -9.2). It displays some preference for the light lanthanides (from La 3+ to Eu 3+ ) in extraction, but it does not noticeably discriminate between them (from La 3+ to Yb 3+ ) in complexation. In the case of diethylamide 2b, the data showed that it is a weaker extractant and exhibits lower log β values, but it is a more selective ligand, showing clearly a positive discrimination for the light lanthanides. The weaker binding power of 2b may be due to its lack of donating sites compared to 1b, as lanthanide cations require high coordination numbers. Diethylamide 3b exhibits a similar behaviour to that of its analogous 1b, at least in complexation. With 1b the complexation process of all the cations is enthalpically and entropically stabilised, since the enthalpy changes are clearly negative, while the entropy changes are positive. In contrast, the complexation process with 2b is governed by the entropy changes only. Proton NMR titrations corroborated the formation of 1:1 complexes between all the amides and La 3+ cation, also indicating that the cation should be encapsulated into the 
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